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THE WESTERN CORN ROOTWORM Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae) is one of the major pests of corn (Zea mays L.) in Kansas (Higgins et al. 2000) . Damage from larval feeding on the roots of corn interferes with water and nutrient uptake of the plant (Spike and Tollefson 1991) . In addition, lodging resulting from feeding damage makes harvesting more difÞcult. Damage by adults is caused when beetles prevent pollination by early silk clipping. Crop losses and control costs attributed to corn rootworms reach $1 billion annually in the U.S. (Metcalf 1986) .
Bacillus thuringiensis (Berliner) is a naturally occurring rod-shaped soilborne bacterium that is found worldwide (Deacon 2001 , Ostlie et al. 1997 . This bacterium produces a proteinaceous parasporal crystalline inclusion during sporulation. Upon ingestion by insects, this crystalline inclusion is solubilized in the midgut, releasing proteins called delta-endotoxins. These proteins (protoxins) are activated by midgut proteases and the activated toxins interact with the larval midgut epithelium to cause a disruption in membrane integrity that ultimately leads to insect death (Knowles 1994 , Gill et al. 1992 .
Genes coding for the production of some Bt toxins with insecticidal activities have been transferred to plants, which are known as Bt crops (Ostlie et al. 1997) . Current commercial Bt corn hybrids for control of the European corn borer, Ostrina nubilalis (Hü bner) , are examples of these Bt crops (Steffey and Gray 1999) . Between 1996 and 2001, the global area of transgenic crops increased Ͼ30-fold, from 1.7 million ha in 1996 Ð52.6 million ha in 2001. Nearly 70% of global corn production is grown in the U.S. (35.7 million ha), of this nearly 30% (9.8 million ha) is transgenic corn (ISAAA 2001) . Planting Bt corn hybrids resistant to corn rootworm is being tested as a method to control the larval stage of this pest. These hybrids express the Cry3Bb1 toxin and are expected to only directly impact chrysomelids and possibly related taxa. Pilcher et al. (1997) demonstrated that transgenic Bt corn pollen containing the Cry1Ab protein had no acute toxic effects on the beneÞcial insects Orius insidiosus (Say), Chrysopa carnea (Stephens), and Coleomegilla maculata (DeGeer). Similarly Al-Deeb et al. (2001) made visual counts of the predator O. insidiosus and found no signiÞcant effect from the Cry1Ab protein on its population. Hilbeck et al. (1998a) reported that the Cry1Ab protein was toxic to immature C. carnea at a concentration of 100 g/ml of diet. In another laboratory study, Hilbeck et al. (1998b) found no signiÞcant effect on the mortality of chrysopid larvae when reared on Bt-fed prey. However, they observed that chrysopid larvae reared on Bt-fed prey had prolonged development, which was attributed to a combined effect of Bt exposure and nutritional deÞciency caused by sick prey. Losey et al. (1999) ), in a laboratory assay, found that larvae of the monarch butterßy, Danaus plexippus (L.), reared on milkweed leaves dusted with pollen from Bt corn ate less, grew more slowly, and suffered higher mortality than larvae reared on leaves dusted with untransformed corn pollen or on leaves without pollen. AlDeeb et al. (2001) found that feeding O. insidiosus nymphs prey that had ingested diet containing Bt toxins had no signiÞcant effect on immature mortality, developmental time, body weight, and body length of mature O. insidiosus. Also, there was no signiÞcant effect on nymph mortality when nymphs were fed Bt corn silks. Orr and Landis (1997) studied oviposition and predation of the European corn borer Ostrina nubilalis by O. insidiosus, C. maculata, and lacewing larvae, and parasitism by Eriborus terebrans (Gravenhorst) and Macrocentrus grandii Goidanich in Bt corn and isogenic corn in 0.41-ha Þeld plots. They observed no signiÞcant difference between transgenic and isogenic corn in the European corn borer O. nubilalis oviposition patterns, fate of its egg masses and eggs, and egg and larval predation and parasitism. found that Cry3A-intoxicated Colorado potato beetles, Leptinotarsa decemlineata (Say), can be eaten by C. maculata without any observable adverse effects on beetle survival or predation potential.
Data from preliminary experiments have demonstrated that some of the new Bt hybrids can be very effective against corn rootworm larvae and that the resistant plants have well-developed root systems compared with non-Bt insecticide-treated plants. Obrycki et al. (2001) stated that Bt corn is an effective control measure against several important corn pests, but its potential risks and effects on the environment need to be evaluated. The purpose of this Þeld study was to evaluate the effect of new Bt corn hybrids that express the Cry3Bb1 toxin for corn rootworm control on several foliar and ground-dwelling nontarget arthropods. Field Sites and Experimental Design, 2001. Corn hybrids were planted at three locations in Kansas. One location was at Manhattan and two were at Scandia. The Manhattan experiment had four treatments in a four replicate randomized complete block design and was planted on 2 May. Each plot was 20 rows 15.24 m long in a 76.2 cm row spacing. Treatments were: Bt corn (MON 863) ϩ seed treatment, isoline ϩ seed treatment, isoline ϩ Force 3G (teßuthrin) at 46.7 g/100 m of row, and isoline. There were two Þeld sites at the Scandia location (Scandia 1 and Scandia 2) and were planted on 12 May. Each site had seven treatments in a four replicate randomized complete block design. Each plot was four rows 9.14 m long in a 76.2 cm row spacing. Treatments were: Bt corn (MON 863) CRW ϩ seed treatment, isoline ϩ seed treatment, isoline ϩ Lorsban 15G (chlorpyrifos) at 74.7 g/100 m of row, isoline ϩ Aztec 2.1G (tebupirimofos and cyßuthrin) at 62.5 g/100 m of row, isoline ϩ Force 3G (teßuthrin) at 46.7 g/100 m of row, isoline ϩ Prescribe (imidacloprid) seed treatment at 1.34 mg ai/kernel, and isoline ϩ Clothianidin seed treatment at 1.25 mg ai/kernel. Morrill (1975) was used. In summer 2000, two traps per plot were installed at the Scandia location and three traps per plot at Manhattan and Sublette. In summer 2001, two and four traps per plot were installed at the Scandia two and Manhattan locations, respectively. Traps were checked every 4 Ð7 d and the preservative (Super Tech 228 Antifreeze-Coolant) was replaced each time. The old preservative and its contents of arthropods were poured into a plastic container and taken to the laboratory to be processed and arthropods counted at later date. Sampling started at the silking stage and lasted for 4 Ð5 wk.
Materials and Methods

Field
Statistical Analysis. Data from visual inspections and pitfall traps were analyzed using analysis of variance (ANOVA) (SAS Institute 2001). In each experiment, treatments were the Þxed effects and replications were the random effects. In each season (2000 and 2001) , the sampling times from each location were analyzed as repeated measures over time using the PROC MIXED procedure of SAS (SAS Institute 2001, Littell et al. 1996) . Means were compared with the LSMEANS procedure of SAS.
Results
Visual Inspection, 2000. Adults and immatures of O. insidiosus, H. convergens, C. maculata, and Scymnus spp. were visually observed and counted at the eight locations. These counts were so low at certain locations that they could not be used to make valid statistical comparisons. Therefore, these numbers are not reported. Numbers varied over the course of the corn growing season and among locations.
At Manhattan, inspections were conducted on three occasions. No signiÞcant difference occurred among treatments in the numbers of adults and nymphs of O. insidiosus and adults of C. maculata and H. convergens (F ϭ 2.51; df ϭ 3, 22; P ϭ 0.0849; F ϭ 0.68; df ϭ 3, 22; P ϭ 0.5739; F ϭ 0.25; df ϭ 3, 6; P ϭ 0.8614; F ϭ 0.55; df ϭ 3, 22; P ϭ 0.6550, respectively) ( Table 1) . At Scandia, inspections were conducted three times and no signiÞcant differences occurred among treatments in the numbers of adults and nymphs of O. insidiosus (F ϭ 1.97; df ϭ 9, 16; P ϭ 0.1129; F ϭ 1.36; df ϭ 9, 16; P ϭ 0.2823, respectively) ( Table 1) . At the Byron site, three inspections were made and no signiÞcant difference in treatments occurred in number of adults and nymphs of O. insidiosus (F ϭ 1.39; df ϭ 4, 4; P ϭ 0.3775; F ϭ 0.74; df ϭ 4, 4; P ϭ 0.6136, respectively) ( Table 1) . At the Sublette site, two inspections were conducted and no signiÞcant difference occurred among treatments in the numbers of adults and nymphs of O. insidiosus (F ϭ 2.44; df ϭ 3, 14; P ϭ 0.1078; F ϭ 2.67; df ϭ 3, 14; P ϭ 0.0881, respectively) ( Table 1) . At the Pratt and Sedgwick sites, inspections were made on two dates and no signiÞcant difference occurred among treatments in the numbers of adults and nymphs of O. insidiosus and adults of Scymnus spp. (F ϭ 0.07; df ϭ 3, 7; P ϭ 0.9720; F ϭ 0.09; df ϭ 3, 7; P ϭ 0.9612; F ϭ 0.64; df ϭ 3, 7; P ϭ 0.6143, respectively) ( Table 1) . However, Bt corn plants had signiÞcantly more H. convergens adults (F ϭ 5.53; df ϭ 3, 7; P ϭ 0.0291) than the isoline and the isoline with Furadan. At the Oakley and Hoxie sites, two inspections were made and no signiÞcant difference occurred among treatments in number of adults of O. insidiosus and H. convergens (F ϭ 0.34; df ϭ 4, 9; P ϭ 0.8455; F ϭ 0.88; df ϭ 4, 9; P ϭ 0.5146, respectively) ( Table 1) (F ϭ 1.58; df ϭ 3, 9; P ϭ 0.2604; F ϭ 1.02; df ϭ 3, 9; P ϭ 0.4288; F ϭ 3.13; df ϭ 3, 9; P ϭ 0.0802; F ϭ 1.42; df ϭ 3, 45; P ϭ 0.2490; F ϭ 0.26; df ϭ 3, 9; P ϭ 0.8516, respectively) ( Table 2) . At the Scandia one site, no signiÞcant difference occurred among treatments in number of adults of O. insidious, H. convergens, C. maculata, and Scymnus spp. (F ϭ 1.25; df ϭ 6, 60; P ϭ 0.2922; F ϭ 0.61; df ϭ 6, 18; P ϭ 0.7211; F ϭ 1.16; df ϭ 6, 18; P ϭ 0.3688; F ϭ 1.20; df ϭ 6, 18; P ϭ 0.3513, respectively) ( Table 2) . However, the number of nymphs of O. insidious was signiÞcantly lower on Bt plants than on non-Bt isoline (F ϭ 2.89; df ϭ 6, 60; P ϭ 0.0152). However, these nymphal numbers were not signiÞcantly different from those on the non-Bt isoline treated with Lorsban, Aztec, Force, and Prescribe. At the Scandia two site, no signiÞcant difference occurred in number of adults and nymphs of O. insidiosus and adults of C. maculata (F ϭ 0.44; df ϭ 6, 18; P ϭ 0.8417; F ϭ 0.98; df ϭ 6, 18; P ϭ 0.4680; F ϭ 1.85; df ϭ 6, 18; P ϭ 0.1451, respectively) ( Table 2) .
Pitfall Trapping, 2000. At Manhattan, pitfall trap catches were collected on seven occasions. No significant difference occurred among treatments in the number of Carabidae (Coleoptera), Elateridae (Coleoptera), Staphylinidae (Coleoptera), Collembola, Formicidae (Hymenoptera), Gryllidae (Orthoptera), and spiders (Araneae) (F ϭ 1.36; df ϭ 3, 6; P ϭ 0.3403; F ϭ 1.65; df ϭ 3, 6; P ϭ 0.2760; F ϭ 1.54; df ϭ 3, 6; P ϭ 0.2978; F ϭ 0.72; df ϭ 3, 6; P ϭ 0.5742; F ϭ 0.56; df ϭ 3, 6; P ϭ 0.6601; F ϭ 0.56; df ϭ 3, 6; P ϭ 0.6631; F ϭ 1.41; df ϭ 3, 6; P ϭ 0.3284, respectively) ( Table 3) . At Scandia, four catches were collected. No signiÞcant difference occurred among treatments in number of Carabidae, Staphylinidae, Collembola, Formicidae, and spiders (F ϭ 0.22; df ϭ 4, 55; P ϭ 0.9248; F ϭ 0.46; df ϭ 4, 55; P ϭ 0.7661; F ϭ 0.22; df ϭ 4, 55; P ϭ 0.9248; F ϭ 0.81; df ϭ 4, 55; P ϭ 0.5260; F ϭ 0.82; df ϭ 4, 55; P ϭ 0.5168, respectively) (Table 3) . However, the Bt corn (event MON 853 with seed treatment) had signiÞcantly fewer Elateridae than the non-Bt isoline (F ϭ 2.59; df ϭ 4, 55; P ϭ 0.0467). At Sublette, pitfall catches were collected on three occasions. No significant difference occurred among treatments in number of Carabidae, Cleridae (Coleoptera), Elateridae, Staphylinidae, spiders, and Gryllidae (F ϭ 0.21; df ϭ 3, 22; P ϭ 0.8860; F ϭ 0.78; df ϭ 3, 6; P ϭ 0.5485; F ϭ 0.25; df ϭ 3, 6; P ϭ 0.8612; F ϭ 0.23; df ϭ 3, 22; P ϭ 0.8763; F ϭ 1.64; df ϭ 3, 6; P ϭ 0.2778; F ϭ 0.68; df ϭ 3, 22; P ϭ 0.5738, respectively) ( Table 3) .
Pitfall Trapping, 2001. Pitfall traps were established at two locations (Manhattan and Scandia). At Manhattan, six collections were made. No signiÞcant difference occurred among treatments in the number of spiders, Carabidae, Cicindelidae (Coleoptera), Scarabaeidae (Coleoptera), Staphylinidae, and Gryllidae (F ϭ 0.83; df ϭ 3, 9; P ϭ 0.5081; F ϭ 0.76; df ϭ 3, 9; P ϭ 0.5444; F ϭ 0.04; df ϭ 3, 69; P ϭ 0.9887; F ϭ 1.34; df ϭ 3, 69; P ϭ 0.2698; F ϭ 0.23; df ϭ 3, 9; P ϭ 0.8737, F ϭ 2.52; df ϭ 3, 69; P ϭ 0.0652, respectively) (Table 4) . However, traps placed at the Bt corn plots (event MON 863) caught signiÞcantly fewer Formicidae than the isoline (F ϭ 4.86; df ϭ 3, 69; P ϭ 0.0040). Traps placed in the isoline treated with Force caught signiÞcantly fewer Elateridae than the Bt corn (event MON 863) (F ϭ 2.96; df ϭ 3, 69; P ϭ 0.0382). At Scandia, pitfall trap collections were made on Þve occasions. No signiÞcant difference occurred among treatments in the number of spiders, Formicidae, Carabidae, Elateridae, and Staphylinidae (F ϭ 0.69; df ϭ 3, 3; P ϭ 0.6163; F ϭ 0.89; df ϭ 3, 3; P ϭ 0.5374; F ϭ 1.26; df ϭ 3, 18; P ϭ 0.3194; F ϭ 2.38; df ϭ 3, 3; P ϭ 0.2474; F ϭ 1.39; df ϭ 3, 18; P ϭ 0.2783, respectively) ( Table 4) .
Discussion
Most of the research on Bt corn has been conducted on corn hybrids with Cry1 toxins that target lepidopteran insects. In this study the corn had a different toxin (Cry3Bb1) that targets coleopteran insects. The chemical differences between these two toxins may result in differences in their effects on nontarget organisms. In addition, the response to any one Bt corn event can vary among different insect groups.
In general, no signiÞcant differences occurred between Bt corn (MON 863) expressing Cry3Bb1 toxin and non-Bt corn hybrids in the number of beneÞcial insects visually observed at each of eight sites in 2000 and three sites in 2001. These results are in agreement with previous studies with other Bt products targeted against other groups of insects (Al-Deeb et al. 2001 , Pilcher et al. 1997 , Zwahlen et al. 2000 . In a few instances in the current study, signiÞcant differences occurred among the treatments in the numbers of a Means within a column within a speciÞc location followed by the same letter are not signiÞcantly different (P Ͼ 0.05, PROC MIXED, LSMEANS, SAS Institute 2001). Cca ϭ Coleoptera: Carabidae, Cel ϭ Coleoptera: Elateridae, Cst ϭ Coleoptera: Staphylinidae, Coll ϭ Collembola, HyFo ϭ Hymenoptera: Formicidae, Og ϭ Orthoptera: Gryllidae, Spi ϭ Spiders, Ccler ϭ Coleoptera: Cleridae. ST ϭ Seed treatment. MON 863 ϩ ST 4.3 Ϯ 0.6a 3.1 Ϯ 0.5a 1.1 Ϯ 0.8a 0.5 Ϯ 0.3a 2.3 Ϯ 0.5a Isoline 3.5 Ϯ 0.6a 1.5 Ϯ 0.5a 3.4 Ϯ 0.8a 0.6 Ϯ 0.3a 1.7 Ϯ 0.5a Isoline ϩ Force 2.5 Ϯ 0.6a 2.8 Ϯ 0.5a 1.8 Ϯ 1.1a 1.1 Ϯ 0.3a 1.5 Ϯ 0.5a Isoline ϩ Prescribe ST 3.5 Ϯ 0.6a 2.7 Ϯ 0.5a 2.4 Ϯ 0.8a 0.5 Ϯ 0.3a 2.3 Ϯ 0.5a
Means within a column within a speciÞc location followed by the same letter are not signiÞcantly different (P Ͼ 0.05, PROC MIXED, LSMEANS, SAS Institute 2001). Cca ϭ Coleoptera: Carabidae, Cel ϭ Coleoptera: Elateridae, Cst ϭ Coleoptera: Staphylinidae, Csc ϭ Coleoptera: Scarabaeidae, Hyfo ϭ Hymenoptera: Formicidae, Og ϭ Orthoptera: Gryllidae, Spi ϭ Spiders, Cci ϭ Coleoptera: Cicindelidae. ST ϭ Seed treatment. speciÞc beneÞcial insect. However, there was no consistent difference in beneÞcial insect numbers between the Bt corn and its isoline.
Because Bt corn for corn rootworm control targets a soil pest and the toxin is expressed in the root system, there was a need to evaluate its potential effect on soil-dwelling nontarget arthropods. Similar to the visual count results, the numbers of insects caught in pitfall traps placed in Bt corn plots were generally not different from the numbers in the non-Bt isoline.
Plot size at most of the locations was small (4 Ð 6 rows, 9.14 m long in a 76.2 cm row spacing) because of the limited amount of seed available. However, in Manhattan in 2001, plot size was larger at 20 rows, 15.24 m in a 76.2 cm row spacing. At this location there was no signiÞcant difference between the Bt corn (MON 863) and its isoline in number of beneÞcial insects present. These observations are similar to other results from large plots. For example, Orr and Landis (1997) indicated that Bt corn (Cry1Ab) had no signiÞcant effect on three predators and one parasite of the European corn borer O. nubilalis. Similarly, AlDeeb et al. (2001) reported no signiÞcant effects on the predator O. insidiosus. Because the toxin in Bt corn for corn rootworm control is mainly expressed in the root system, it may not be present in sufÞcient concentrations to affect the beneÞcial insects that feed on foliage, silk, or pollen such as O. insidiosus and C. maculata. These insects also may not be susceptible to the Cry3Bb1 toxin in the Bt corn MON 863. estimated the relative abundance of two important natural enemies of the Colorado potato beetle in seed-mixed and pure Þelds of Cry3A-transgenic and nontransgenic potatoes. Adults of Lebia grandis Hentz (Coleoptera: Carabidae) were less abundant in seed-mixed and pure 100% transgenic potato Þelds than in nontransgenic potato Þelds, while adults of C. maculata were not affected by the treatments.
In general, the results of this study show that Bt corn for corn rootworm control has no deleterious effects on the beneÞcial and the nontarget arthropods sampled. Additional studies in large Þeld plots are warranted to conÞrm our small-plot results. However, our initial results suggest that Bt corn MON 863 expressing the Cry3Bb1 toxin for corn rootworm control should be compatible with other control tactics in an integrated pest management (IPM) program.
